Background: C4ST-1 catalyzes the transfer of sulfate groups in the sulfonation of chondroitin during chondroitin sulfate synthesis. Chondroitin sulfate consists of numerous copies of negatively charged sulfonic acid groups that participate in the nucleation process of biomineralization. In the present study, we obtained two CHST11 genes (PmCHST11a and PmCHST11b) which encoded the C4ST-1 and explored the functions of these genes in the synthesis of chondroitin sulfate and in the formation of the nacreous layer of shells. Results: Both PmCHST11a and PmCHST11b had a sulfotransferase-2 domain, a signal peptide and a transmembrane domain. These properties indicated that these genes localize in the Golgi apparatus. Real-time PCR revealed that both PmCHST11a and PmCHST11b were highly expressed in the central zone of the mantle tissue. Inhibiting PmCHST11a and PmCHST11b via RNA interference significantly decreased the expression levels of these genes in the central zone of the mantle tissue and the concentration of chondroitin sulfate in extrapallial fluid. Moreover, shell nacre crystallized irregularly with a rough surface after RNA interference. Conclusions: This study indicated that PmCHST11a and PmCHST11b are involved in the nacre formation of Pinctada fucata martensii through participating in the synthesis of chondroitin sulfate.
Materials and methods

Experimental animals
Adult pearl oysters were obtained from commercial farm (20°250 N, 109°570E) Dajing Xuwen, Zhanjiang, Guangdong Province, China. The animals were cultured at 25-27°C in tanks with recirculating seawater for 2-3 days before the experiment.
RNA extraction and cDNA synthesis
The animals were sacrificed for tissue sampling. The tissue samples included the marginal zone (ME) and central zone (MC) of the mantle, adductor muscle (A), gill (GI), gonad (GO) and haemocytes (B). The tissues were immediately stored in liquid nitrogen until use.
Total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer's instructions. RNA quantity was evaluated by measuring OD260/OD280 with a NanoDrop ND1000 spectrophotometer (ThermoFisher Scientific Inc., Waltham, MA, USA). RNA integrity was determined by fractionation on 1.0% agarose gel.
Rapid amplification of cDNA ends (RACE)
In this study, the two CHST11 genes of pearl oyster P. f. martensii were designated as PmCHST11a and PmCHST11b. Primers were designed based on a partial sequence of the CHST11 gene from the pearl sac transcriptome of P. f. martensii [17] and are listed in Table 1 . Nested PCR was performed to increase the specificity and sensitivity of the PCR products.
To prepare the single-strand cDNA template for RACE reactions, total RNA was extracted from mantle tissue with SMART RACE cDNA Amplification Kit (Takara, Dalian, China) in accordance with the manufacturer's instructions. The synthesized cDNA was used as the template for the first PCR reaction. The product of the first PCR reaction was used as the template for the second PCR reaction. The PCR program was executed as follows: 95°C for 5 min, 35 cycles at 95°C for 30 s, 60°C for 30 s, 72°C for 2 min and 72°C for 10 min.
DNA sequencing and sequence analysis
Purified PCR products were subcloned into a pMD-19T vector (TAKARA, Japan), transformed into DH5α and then sequenced. The full-length cDNA of the PmCHST11 genes were obtained with DNAMAN software. BLAST program (http://www.ncbi.nlm.nih.gov/) was used to analyze the full-length cDNA of PmCHST11 genes. The open reading frame (ORF) was identified by using the ORF finder (http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi). The amino acid sequence was characterized with DNAMAN. SMART (http://smart. embl-heidelberg.de/smart/set_mode.cgi) and the TMHMM Server v.2.0 (http://www.cbs.dtu.dk/services/TMHMM/) were used to study the domain of the detected peptide and the transmembrane domain of the PmCHST11 genes, respectively. Multiple sequence alignments were generated with the sulfotransferase domain amino acid of each sequence by using ClustalX (http://www.ebi.ac.uk/Tools/msa/clustalo/). A phylogenetic tree was constructed using MEGA6.0 program based on the neighbor-joining method with 1000 bootstrap replicates. CHST11 from Polymorphum gilvum was used as the out group.
Quantitative real-time PCR (qRT-PCR) assay
The primer sequences used for the qRT-PCR assay are shown in Table 1 . The qRT-PCR assay was performed on Applied Biosystems 7500/7500 Fast Real-Time System (Applied Biosystems, Foster City, CA, USA) with Thermo Scientific DyNAmo Flash SYBR Green qPCR Kit (Thermo Scientific). GAPDH was selected as the reference gene to verify the expression levels of sulfotransferase genes [18, 19, 20, 21] . To detect gene expression patterns of PmCHST11 genes, the comparative Ct method was used to analyze the expression levels of the genes. The Ct was defined as the PCR cycle at which the fluorescence signal crossed a threshold line that was placed in the exponential phase of the amplification curve. The Ct values for the PmCHST11 genes and the GAPDH gene were determined for each sample. The expression of PmCHST11 genes were calculated by the 2 -ΔCt method with GAPDH as the reference gene. The PCR program was conducted as follows: 5 min at 95°C and 40 cycles (each cycle was for 30 s at 95°C, 15 s at 60°C and 15 s at 72°C).
RNA interference (RNAi) experiment
Sequence-specific primers for the experiment were designed and are listed in Table 1 . An experimental group and two control groups were separately designed to detect the effects of PmCHST11 expression on nacre formation. Ten animals (5-6 cm in shell length) were used per group. PCR products were obtained by using specific primers and were purified by using EasyPure Quick Gel Extraction Kit (Thermo Scientific). dsRNA was synthesized from PCR products by using T7 RNA polymerase (Thermo Scientific). Template DNA was digested by RNase-free DNase I (Thermo Scientific). dsRNA integrity and quantity were verified as previously described. dsRNA-PmCHST11 were diluted to 1000 ng/μL with RNase-free water and injected into the adductor of per oyster. Another injection with the same dose was performed on day 4 after the first injection. The same volume of RNase-free water and 100 μg of dsRNA-RFP in RNase-free water were separately injected [22] into oysters in the two control groups. Table 1 Primer list used in this study.
Primer Name
Primer Sequence (From 5′ to 3′) Application
Notes: the sequences underlined are the T7 promoter sequence.
Total RNA was extracted from MC on day 8 after the second injection for first-strand cDNA synthesis. The expression levels of the PmCHST11 genes after RNAi were measured via qRT-PCR. GAPDH was used as the reference gene. Gene expression was quantified via the 2 -ΔCt and with
Rnase-free water and dsRNA-RFP as control of RNAi. Shells were collected from the different groups, washed with Milli-Q water, air-dried and then cut into pieces (0.6 cm × 0.6 cm). The shell nacre layer was observed via scanning electron microscopy (SEM) with JSM-6300 LV microscope. Microtitration assay was used to detect the concentration of chondroitin sulfate in extrapallial fluid from each group after RNAi. Chondroitin sulfate (Sangon Biotech, China) was selected as the standard. The concentration gradient of the standard was set at 60, 80, 100, 150 and 200 mg/mL. The absorbance was set to 490 nm. Alcian blue solution was prepared by adding 10 mg alcian blue powder to 100 mL of 15% phosphoric acid and 2% sulfuric acid solution. The solution was then diluted with 50-fold with Milli-Q water. The reaction system comprised 190 μL of colorimetric solution and 10 μL of sample. The reaction time was set to 3-5 min [23, 24] . To analyze the influence of RNAi on gene expression in extrapallial fluid, the concentration of sulfate chondroitin was detected with RNase-free water and dsRNA-RFP as the RNAi controls.
Statistical analysis
One-way analysis of variance (ANOVA) was performed to determine the differences in mean PmCHST11 gene expression among different tissues and mean PmCHST11 gene expression among different groups after RNAi. All analyses were performed with SPSS 11.0 software. The significance level for all analyses was declared at P b 0.05.
Results
Molecular characterization and sequence analysis of PmCHST11 genes
The full length of PmCHST11a included a 59 bp 5′-UTR and 91 bp 3′-UTR with a 28 bp poly (A) tail. The complete PmCHST11a cDNA sequence contained a 1317 bp ORF that encoded 438 amino acid polypeptides (Fig. S1 ). PmCHST11b had a 1179 bp ORF that encoded 392 amino acid peptides, a 68 bp 5′-UTR and 293 bp 3′-UTR with 24 bp poly (A) (Fig. S2) . The deduced amino acid sequence of both PmCHST11a and PmCHST11b contained a signal peptide, a typical sulfotransfer_2 domain (100-315, 83-285) and a transmembrane domain (7-29, 7-24).
Homologous analysis and phylogenetic tree of PmCHST11 sequences
Multiple comparisons by using the BLASTx program indicated that the deduced amino acid sequence of PmCHST11 was homologous to that of CHST11 in the sulfotransferase family. The results of multiple sequence alignment indicated that PmCHST11 amino acid sequences had low homology (Fig. 1 ). PmCHST11a and PmCHST11b shared the highest identity (51% and 32%, respectively) with CHST11 sequences from C. gigas. The phylogenetic tree showed that CHST11 genes in molluscs and vertebrates were separated in two branches. CHST11 genes in molluscs likely descended from a common ancestor (Fig. S3) . Fig. 1 . Homology of the CHST11 between different species. Multiple sequence comparisons of mature CHST11 from different species (accession numbers: Crassostrea gigas |XP_011422059.1|, Octopus bimaculoides|XP_014786294.1|, Lingula anatine|XP_013383507.1|, Mus musculus |NP_067414.2| and Limulus Polyphemus |XP_013778038.1|). "*" and black background indicate the conserved amino acid. ":" and gray background showed amino acid with strong similarity. "." indicates amino acid with weak similarity. The numbers on the right presented the total amino acid of each protein.
Gene expression analysis of PmCHST11
qRT-PCR was performed to determine the tissue-specific expression of PmCHST11 genes with GAPDH as the internal reference. PmCHST11a mRNA was expressed in the MC and GI (Fig. 2) . PmCHST11b was highly expressed in MC compared with in other tissues (P b 0.05) (Fig. 3) .
Relative expression of PmCHST11 genes after RNAi
To further investigate the function of PmCHST11 genes in shell biomineralization, RNAi technology was used to inhibit the expression of PmCHST11 genes. One control group was injected with RNase-free water, whereas the other was injected with dsRNA-RFP. qRT-PCR was used to measure the mRNA levels of PmCHST11 genes in the MC. The expression levels of PmCHST11 genes in the experimental group significantly decreased compared with those in the control groups (Fig. 4) .
Changes in the microstructure of shell nacre after RNAi
The microstructure of shell nacre from each group was observed via SEM. The surfaces of the shells in the control groups exhibited normal, well-defined microstructure. In the nacre, small hexagonal aragonite flat tablets were densely packed together to produce a stair-like growth pattern (Fig. 5a and Fig. 5b ). In the group injected with dsRNA-PmCHST11a, however, the shell nacre crystallized irregularly with a rough surface and exhibited C-axis growth (Fig. 5c ). Disordered growth with a rough surface and changing tables was similarly observed in the shell nacre of the group injected with dsRNA-PmCHST11b (Fig. 5d ).
Concentration of chondroitin sulfate in extrapallial fluid after RNAi
The concentrations of chondroitin sulfate in the extrapallial fluid of the three different groups are shown in Fig. 6 . The concentrations of chondroitin sulfate in the dsRNA-PmCHST11 groups were significantly lower than those in the two control groups (P b 0.05) (Fig. 6 ).
Discussion
C4ST-1 transfers the sulfate group from 3′-phosphoadenosine 5′-phosphosulfate to the substrate during the formation of the chondroitin sulfate proteoglycan chain. C4ST-1 participates in bone and shell formation by influencing the concentrations of chondroitin sulfate proteoglycan. In this study, we cloned the full-length sulfotransferase genes PmCHST11a and PmCHST11b from the pearl oyster P. f. martensii. We then explored the functions of these genes in the formation of shell nacre.
Multiple sequence alignment revealed that PmCHST11 genes have a low homology with the CHST11 of other species. Similar results have been reported in previous studies [25, 26] . Furthermore, Kakuta et al. [26] found that cytosolic and membrane sulfotransferases share limited sequence similarities. Sulfotransferases can be either cytosolic or membrane associated sulfotransferase and the membrane associated sulfotransferase in the Golgi apparatus consists of a cytosolic tail, transmembrane domain and a catalytic domain [27, 28] . In this study, we found that the sequences of PmCHST11 genes presented a typical sulfotransferase-2 domain, a signal peptide and a transmembrane domain. Therefore, PmCHST11a and PmCHST11b are membrane-associated sulfotransferases. Membrane-associated sulfotransferases sulfonate large biomolecules, such as carbohydrates and proteins [29] . For example, CHST11/C4ST1 catalyzes the transfer of sulfate groups to the 4-O position of chondroitin and dermatan sulfate [30, 31, 32, 33] . Therefore, we propose that PmCHST11a and PmCHST11b may encode membrane-associated sulfotransferases and participate in the biosynthesis of chondroitin sulfate or sulfate dermatan.
To explore the biological functions of PmCHST11 genes in P. f. martensii, we investigated the expression patterns of PmCHST11a and PmCHST11b in different tissues. GAGs are the main components of the extracellular matrix; thus, PmCHST11b was expressed in the adductor muscle and gonad of P. fucata martensii. In vertebrates, chondroitin sulfate, the product of CHST, exhibits inflammatory or anti-inflammatory immune response via the regulation of the TLR/MyD88 pathway [34, 35] and adhesion with pathogens [36] . We found that PmCHST11a was specifically expressed in gills and that PmCHST11b was highly expressed in haemocytes. The gill and haemocytes are the main immune tissues of bivalves and crabs. In bivalves and crabs, the gill is direct contact with water and closely reflect environmental changes. Regnault and Durand [37] chondroitin sulfate is a main component of GAGs in the gill and that exposure to air increases the production of chondroitin sulfate. Chondroitin sulfate has been isolated from the haemolymph of the freshwater snail [38] . Therefore, we propose that the high expression of CHST11 genes in the gill is related to innate immunity or in pearl production. More importantly, PmCHST11a and PmCHST11b were highly expressed in the MC, which is specifically involved in nacre formation in pearl oysters [39] . Furthermore, the majority of calcification molecules involved in nacre formation is found between the formed shell and MC. Lopes-Lima et al. [40] and Moura et al. [41] reported that glycosaminoglycan in extrapallial fluid is associated with shell formation. Sulfate anions enrich Ca 2+ concentrations and regulate the crystal nucleation and growth of the mollusk shell [7, 42] . In the present study, we found that the decrease in PmCHST11 genes expression by RNAi caused the disordered growth of the nacreous shell layer. This result suggested that PmCHST11 genes are closely related to nacre formation. Furthermore, the alcian blue 8GX assay revealed that the decrease in PmCHST11 expression by RNAi consequently decreased the concentration of sulfate chondroitin glycosaminoglycan in extrapallial fluid [43] . These findings indicated that PmCHST11 genes are involved in the synthesis of chondroitin sulfate, thus participating in nacre formation in P. f. martensii.
Conclusions
We cloned the PmCHST11a and PmCHST11b genes of the pearl oyster P. f. martensii for functional analysis. We found that PmCHST11a and PmCHST11b were highly expressed in the MC. After RNAi, PmCHST11a and PmCHST11b expression levels significantly decreased. Moreover, the shell nacre of the experimental group crystallized irregularly and exhibited a rough surface. Chondroitin sulfate concentration in extrapallial fluid significantly decreased in the RNAi-treated experimental group. Our results demonstrate that PmCHST11a and PmCHST11b are involved in nacre formation in P. f. martensii.
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